A c c u r a t e n u m e r i c a l s i m u l a t i o
r e q u i r i n g t h e e x e c u t i o n o f compl i c a t e d c a l c u l a t i o n s a t h i g h speed using supercomputers. Simulations t y p i c a l l y p r o d u c e v a l u e s o v e r a g r i d o f p o i n t s f o r each o f many t i m e i n t e r v a l s .
Because t h i s i s a dynamic, time-varying process, animation i s r eq u i r e d t o enhance understanding of simulation results. This paper presents a software package w h i c h a l l o w s t h e g e n e r a t i o n o f i n e x p e n s i v e , r a s t e r -based, computer-generated animation for multi -dimensi onal hydrodynamic models. The software
provides the modeler with t h e f l e x i b i l i t y t o view s i n g l e f r a m e s o f a proposed animation and t o e a s i l y m o d i f y d a t a n o r m a l i z a t i o n a n d c o l o r c h o i c e .
The f i n a l p r o d u c t i s a movie produced on a DICOMED graphics f i l m recorder. An animation of a " g r a v it a t i o n a l c o l l a p s e " o f a c y l i n d e r w i t h i n a d e n s i t y s t r a t i f i e d body o f water w i l l be discussed as an example.
INTRODUCTION
Oceanography i s undergoing a r e v o l u t i o n i n t e r m s o f t h e q u a n t i t i e s o f d a t a w h i c h a r e b e c o m i n g a v a i l a b l e f o r a n a l y s i s . S a t e l l i t e s a r e p r o v i d i n g detailed data about the ocean's surface. On-site i n s t r u m e n t a t i o n now produces multidimensional data, where one dimensional measurements were t h e r e c e n t norm. I t i s c l e a r t h a t t h e a n a l y t i c methods which have been used i n t h e p a s t t o s t u d y oceanography a r e no l o n g e r s u f f i c i e n t ( 1 ) ;
and, i f t h e oceanographic community i s t o a v o i d b e i n g s u f f o c a t e d i n a sea o f data, computer graphics must be used t o p r o v i d e a means t o v i s u a l i z e t h e s e l a r g e q u a n t i t i e s o f d a t a f o r s c i e n t i f i c i n t e r p r e t a t i o n and analysis.
Numerical simtilations i n t h e p h y s i c a l s c i e n c e s a r e m o d e l e d e f f o r t s w h i c h o f t e n make complex physic a l phenomena understandable.
The output of a s i m u l a t i o n i s m u l t i -d i m e n s i o n a l d a t a w h i c h i s t h e n compared w i t h known (measured) r e a l i z a t i o n s of t h e phenomena o f i n t e r e s t . S i m u l a t i on output usual l y v a r i e s w i t h t i m e ; o c c a s i o n a l l y w i t h o t h e r p h y s i c a l parameters. To v i e w t h e o u t p u t as merely a sequence o f s i n g l e t i m e f r a m e s w i l l , f o r complex physics such as ocean hydrodynamics , i n t r i n s i c a l l y l i m i t t h e u n d e r s t a n d i n g o f t h e n u m e r i c a l s i m u l a t i o n E x p e r i e n c e i n d i c a t e s t h a t i t i s j u s t t o o d i f f i c u l t t o v i s u a l i z e t h e dynamics o f t h e p h y s i c s f r o m sin-. g l e t i m e frame output graphics.
Many times, s e q u e n t i a l c o n t o u r p l o t s o f a process do n o t a l l o w t h e r i c h n e s s o f t h e p h y s i c s t o be observed. A color animation, on t h e o t h e r hand, a l l o w s US t o u n d e r s t a n d t h e p h y s i c a l r e l a t i o n of these various phenomena t o one another, and frequently points the way t o more sophisticated data analysis.
The impetus t o merge computer animation and f l u i d dynamics models has come from both camm u n i t i e s . As t h e computer graphics community has searched, with considerable success, t o improve realism, they have found that realism must be based upon sound physical models. Water motions, such as t i p p l e s ( 2 ) and s u r f a c e ocean WaVeS(3,4), a r e a natural scene for such modeling attempts because they are dynamic events which v a r y o v e r s h o r t t i m e p e r i o d s ( u n l i k e , say, mountains or trees).
A f l u i d dynamics model f o r combining a s h e a r f l o w w i t h s m a l l s c a l e d i s t u r bances was used t o produce the surface of t h e p l a n e t J u p i t e r f o r t h e movie 112010"(5). Noteworthy i s t h e sheer computer power which went i n t o t h i s e f f o r t .
Some e i g h t t o t e n m i l l i o n p a r t i c l e s p e r f r a m e w e r e g e n e r a t e d f o r a 1.4 m i l l i o n p i x e l t e x t u r e map, g i v i n g an average o f a b o u t s i x p a r t i c l e s p e r p i x e l .
Some r e c e n t e f f o r t a t m o d e l i n g s u r f a c e waves have been p a r t i c u l a r l y e f f e c t i v e . F o u r n i e r and Reeves (6) use a basic Lagrangian model Of f l u i d motion with several special effects added t o o u t p u t Scenes of waves b r e a k i n g b r e a k i n g a g a i n s t a shorel i n e . T h e a u t h o r s n o t e t h a t t h e i r e f f o r t O m i t s Some phenomena and, indeed, there i s Of r e g u l a r i t y w h i c h i d e n t i f i e s t h e o u t p u t as computer generated. N o n e t h e l e s s , t h e p i c t u r e s a r e e f f e c t i v e p o r t r a y a l s of Ocean surface waves and m e r i t v i e w i n g b o t h f o r t h e q u a l i t y and t h e s t r i k i n g l y e f f e c t i v e Use of c o l o r . M a s t i n e t a1 . ( 7 ) u t i l i z e a model f o r t h e spectrum of fully developed wind seas t o model t h e Ocean s u r f a c e away f r o m t h e shore. Thus, computer graphics, i n t h e s e a r c h f o r realism, is borrowing models from fluid dynamics w h i l e Ocean hydrodynamic simulations are Using animation t o enhance understanding of a model ' S underlying physics.
However, for Several reasons t h e s e t w o p u r s u i t s w i l l n o t merge. Computer graphi c s i s s e a r c h i n g f o r v i s u a l r e a l i s m . I t i s n o t i m p o r t a n t t o t h e computer s c i e n t i s t t h a t a p h y s i c a l model of a wave i s c o r r e c t ; i t i s i m p o r t a n t t h a t a U.S. Government work not protected by U S . copyright
t h i n h i s e x p e r i e n c e .
The oceanographer, on t h e o t h e r hand, models very complex phenomena and h i s c o n c e r n i s t h e p h y s i c a l a c c u r a c y o f t h e model. For him, computer animation i s o n l y a t o o l --a l b e i t a valuable one--to understand physical reality. 
t i o n and animation normalizat i o n . A separate program i s used t o m i x c o l o r s , i n e i t h e r RGB o r H S I (hue-saturation-intensity) space, and o u t p u t t h e s e l e c t i o n i n t o a c o l o r t a b l e f i l e which i s used i n t h e a n i m a t i o n p r o c e s s i n g .
The s i m u l a t i o n r e s u l t s a r e i n s c i e n t i f i c u n i t s (temperature, density, etc.). Direct color coding o f t h e s e u n i t s w i l l not, i n general, produce an e f f e c t i v e d i s p l a y because the background w i l l t h e n v a r y e x c e s s i v e l y , r e d u c i n g t h e v i s u a l i z a t i o n o f t h e physics. Thus, these measurements must be normali z e d i n o r d e r t o e f f e c t i v e l y a n i m a t e t h e f l u i d dynamics. There i s no general procedure t o accomp l i s h t h i s a n i m a t i o n n o r m a l i z a t i o n ; t h i s s t a g e o f the animation process requires thought and e x p e r imentation. For example, i n t h e case o f t h e " g r a v it a t i o n a l c o l l a p s e " a n i m a
t i o n o f S e c t i o n 4, t h e ocean was d e n s i t y s t r a t i f i e d . D i r e c t c o l o r c o d i n g would produce a s t r i p e d e f f e c t . A c c o r d i n g l y , t h e data was n o r m a l i z e d t o remove t h e d e n s i t y s t r a t i f ic a t i o n w i t h depth. This produced
a uniform background and modified the cylinder (Figure 2a ), which was a constant density, t o v a r y r e l a t i v e t o t h e depth. Thus, t h e waves generated by the gravitat i o n a l c o l l a p s e o f t h e c y c l i n d e r c o u l d be e a s i l y visualized. This normalization function must be produced on a case-by-case basis f o r each animation F o l l o w i n g a s i m u l a t i o n on t h e CRAY, t h e d a t a i s t r a n s f e r r e d t o t h e HP-1000 using magnetic tape. These tapes are then processed i n two stages. A t t h e f i r s t stage, the data i s normalized as discussed above and c o l o r s a r e s e l e c t e d u s i n g s e v e r a l individual frames from the numerical simulation for experimentation. Active areas of the simulat i o n a r e t h e n examined t o determine the frame-to -frame change.
I f t h i s change i s deemed l a r g e , 
h e a n i m a t i o n a r e l i n e a r l y i n t e rp o l a t e d u s i n g t h e i n t e r p o l a t i o n f a c t o r t o p r o d u c e t h e d e s i r e d number o f a d d i t i o n a l frames. For example, i n t h e " g r a v i t a t i o n a l c o l l a p s e " s i m u l a t i o n of S e c t i o n 4, t h e s i m u l a t i o n was c a l c u l a t e d on t h e
CRAY a t 1 5 s e c o n d i n t e r v a l s , b u t a frame interpol at i o n f a c t o r o f t w o was used t o o b t a i n an animation frame every 7 1/2 seconds. The output from the f i r s t s t a g e i s a b i n a r y d a t a t a p e c o n t a i n i n g ent r i e s i n t o t h e c o l o r l o o k u p t a b l e f o r each simulat i o n g r i d p o i n t . T h i s t a p e i s t h e n . e x a m i n e d on t h e LEXIDATA. When t h e a n i m a t i o n i s s a t i s f a c t o r y , t h e b i n a r y t a p e i s t h e n c o n v e r t e d i n t o a DICOMED -compatible formatted magnetic tape (see below). H o r i z o n t a l and v e r t i c a l i n t e r p o l a t i o n i s p e r f o r m e d a t t h i s s t a g e t o o b t a i n an a r r a y o f 1K by 1K. The n u m e r i c a l s i m u l a t i o n a n i m a t i o n s a r e p r oduced using a DICOMED D48 s e r i e s g r a p h i c f i l m recorder. The DICOMED i s a h i g h r e s o l u t i o n , m u l t ipurpose f i l m recorder designed t o p l o t vector, raster, and alphanumeric data directly onto black and w h i t e o r c o l o r f i l m . The DICOMED 048 generates c o l o r images by multiple exposures through one o r more of seven c o l o r f i l t e r s . When a c o l o r image i s drawn, a " f i l t e r w h e e l " o r p l a t t e r c o n t a i n i n g seven f i l t e r s h o l d s a s e l e c t e d c o l o r e d f i l t e r between t h e CRT and t h e l e n s . The DICOMED i s a v a i l a b l e w i t h a wide range o f i n t e r c h a n g
I n t h e R a s t e r ( E l e m e n t ) Mode each DICOMED image consists of a 4K x 4K a r r a y o f p o i n t s p l o t t e d a t s p e c i f i c e x p o s u r e l e v e l s . A c l u s t e r o f i n d i v i d u a l points arranged i n a s p e c i f i c o r d e r i s r e f e r r e d t o as an element. An element i s made up o f a square o r r e c t a n g u l a r a r r a y o f one t o s i x t e e n p o i n t s i n t h e h o r i z o n t a l and v e r t i c a l d i r e c t i o n . The number o f p o i n t s i n each d i r e c t i o n can be independently selected. To a v o i d c o l o r s r u n t o g e t h e r
on t h e f i l m , we use a 2 x 2 element. When processing p i c t u r e i n f o r m a t i o n each p o i n t o r e l e m e n t may assume one o f 256 exposure i n t e n s i t y l e v e l s .
Data on t h e DICOMED-compatible magnetic tape s e l e c t s t h e r a s t e r mode, element size, spacing between p o i n t s , spacing between elements, number o f p o i n t s p e r e l e m e n t and background exposure code.
Because p h y s i c a l movement o f t h e DICOMED f i l t e r wheel i s t i m e consuming, t h e d a t a i s p r o c e s s e d i n t h r e e passes, one f o r each primary color.
Within each of these three passes, the data i s packed i n a runs encoded format.
Runs encoding involves computing the number o f c o n s e c u t i v e occurrences of the same i n t e n s i t y o f t h e c o l o r being processed and sending this information ( r a t h e r t h a n t h e i n t e n s i t i e s f o r each p i x e l ) t o t h e DICOMED. When, as i s t h e c a s e i n o u r a n i m a t i o n s , i n t e n s i t y changes a r e r e l a t i v e l y i n f r e q u e n t , r u n s e n c o d i n g r e s u l t s i n a very s i g n i f i c a n t c o m p r e s s i o n o f t h e p i c t u r e images on t h e DICOMED formatted magnetic tapes.
The DICOMED processes these runs encoded f i l e s much f a s t e r t h a n pixel-by-pixel data, so expense i s s i g n i f i c a n t l y reduced.
THE MENU SHELL
A menu s h e l l was designed t o e x p e d i t e t h e process of converting gridded output from numerical s i m u l a t i o n s i n t o DICOMED formatted magnetic tapes c o n t a i n i n g t h e frames for the animation. 
t o m o d i f y t h e j o b f i l e , t o e x i t t h e program, o r t o i n i t i a t e p r o c e s s i n g . I f no animation normalizing function has been c r e a t e d f o r t h e p h y s i c s o f t h e a n i m a t i o n c o l o r t a b l e , m o d i f i c a t i o n s a r e d e s i r e d , o r t h e j o b f i l e needs m o d i f i c a t i o n , t h e f i l m maker s e l e c t s t h e U t i l i t i e s o p t i o n .

The U t i l i t i e s o p t i o n d i s p l a y s a menu t o change t h e j o b f i l e i n f o r m a t i o n and c r e a t e a new c o l o r t a b l e o r n o r m a l i z a t i o n f i l e . The U t i l i t i e s Menu has seven options including returning to the
t i o n and r e t u r n t o t h e menu s h e l l . A f t e r u s i n g t h i s o p t i o n , t h e f i l m maker can change
t h e n o r m a l i z i n g f u n c t i o n i n t h e j o b f i l e and purge the old normalization f i l e . S e l e c t i n g r e t u r n t o t h e Main Options Menu a l l o w s t h e u s e r t o s e l e c t f r o m t h e S t a r t o r Continue Job Menu. The S t a r t o r C o n t i n u e Job Menu o p t i o n has t h r e e movie making options and the option t o r e t u r n t o the main movie making menu. The f i r s t o p t i o n makes t h e b i n a r y t a p e f r o m t h e s i m u l a t i o n f r a m e s and a1 1 ows i n t e r p o l a t i o n between frames. This option c h e c k s t h e u s e r ' s j o b f i l e name and, i f i t e x i s t s , t h e u s e r i s n o t i f i e d and r e t u r n e d t o t h e main opt i o n s menu. I f t h e j o b f i l e name doesn't exist, t h e j o b name i s i n s e r t e d and program execution continues. After producing the binary tape, the program returns t o t h e menu s h e l l .
The
I f necessary, the normalizing f u n c t i o n i s c o m p i l e d and w r i t t e n t o t h e n o r m a l i z i n g f u n c t i o n f i l e .
The program then produces a DICOMED compatible tape and r e t u r n s t o t h e S t a r t C o n t i n u e Job Menu. The user can now make another animation u s i n g t h e menu s h e l l o r e x i t t o t h e o p e r a t i n g system.
SAMPLE SIMULATION (GRAVITATIONAL COLLAPSE)
The (4.4) (4.3) does n o t c o n t a i n v e r t i c a l a c c e l e r a t i o n s , b u t assumes i n s t e a d a balance between the buoyancy and p r e s s u r e g r a d i e n t f o r c e s . F o r t h e f i r s t h a l f B r u n t -V a i s a l a p e r i o d o r so, we e x p e c t t h a t t h e e f f e c t s o f t h e s e v e r t i c a l a c c e l e r a t i o n s may be important. For the remainder of the simulation however, t h e i m p o r t a n t a c c e l e r a t i o n s a r e p r i m a r i l y h o r i z o n t a l , and we e x p e c t t h e s i m u l a t i o n t o be r e p r e s e n t a t i v e . W e assume t h a t , i n i t i a l l y , t h e mixed region i s cy1 i n d r i c a l l y shaped w i t h a r a d i u s and h e i g h t of 2.5 m and 5.0 m r e s p e c t i v e l y . W e have enlarged t h e s e v a l u e s o v e r n a t u r a l l y o c c u r r i n g ones t o enhance t h e v i s u a l e f f e c t . T h i s i n i t i a l c o n f i gu r a t i b n i s shown i n Fig. 2a where we p o r t r a y t h e i n i t i a l buoyancy f i e l d . T h i s f l u i d w i t h i n t h e m i x e d r e g i o n i s t a k e n t o be homogeneous and c o l l a p s e s u n d e r t h e e f f e c t o f g r a v i t y , s e v e r a l t h i n g s happen. F i r s t of a l l i t g e t s t h i n n e r and spreads l a t e r a l l y .
An oceanographically relevant question concerns t h e f a t e o f t h e s e p a r t i a l l y -m i x e d r e g i o n s . T h a t i s , what i s t h e e v o l u t i o n and l o n g e v i t y o f t h e i r
As it does so, t h e c o l -1 a p s i n g r e g i o n r a d i a t e s i n t e r n a l waves and two c l a s s e s o f t h e s e may be seer i n t h e e n s u i n g evolution (Figs. 2b-2h): th? guided modes and t h e p l a n e waves.
The first c l a s s t o appear i s t h e wave guide modes. The guided wave which f i r s t emerges i s t h e second mode, w h i c h m a n i f e s t s i t s e l f a x two vertically-arranged buoyancy extrema (one maximum and one minimum) which propagate t o t h e r i g h t . Toward t h e v e r y e n d o f t h e s i m u l a t i o n , t h e s l o w e r p r o p a g a t i n g f o u r t h mode (two blroyancy maxima and two minima) appear and also propagate t o t h e r i g h t .
Between t h e emergence o f t h e second and fourth guided nodes, the plane internal waves emerge i n t h e f o r m o f r a y s .
These a r e t h e i n c l i n e d regions which emanate from t h e c o l l a p s i n g r e g i o n . The highest frequency waves propagate away most r a p i d l y and t h e s e a r e a r r a y e d a t t h e l a r g e s t a n g l e t o t h e h o r i z o n t a l (e.g., F i g . 2c). As t h e c o l l a p s e progresses, the lower frequency waves emerge, and these are evidenced by the rays assuming a s m a l l e r a n g l e t o t h e h o r i z o n t a l (e.g., Fig. 2h ).
The n u m e r i c a l s i m u l a t i o n shown i n F i g . 2 i s a very complicated process with several phenomena t a k i n g p l a c e s i m u l t a n e o u s l y . A n i m a t i o n s i g n i f ic a n t l y enhanced understanding of the wave types discussed above.
where P, b , u , v, and w are the pressure, buoyancy, and t h e r a d i a l , a z i m u t h a l , and v e r t i c a l v e l o c i t y components.
The buoyancy b = -g(p -p o ) / p o P = p ( r , z, t ) and p0 i s t h e c o n s t a n t r e f e r e n c e (Boussinesq) density. Note that axisymmetry i m p l i e s 3 / 8 6 = 0 and t h a t we have assumed a hydros t a t i c b a l a n c e i n t h e v e r t i c a l . T h a t i s , equ.
animation. Figure 2a shows the initial condition mes a t t = 5, 10, . . . , 35 min., respectively. In r successfully darker shades of blue are f o r the , green, yellow and red are used f a r water which tlculated, a t 7 1/2 second intervals, and each lute animation.
